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Abstract

There is an ongoing debate on the question which size fraction of particles in ambient air may be responsible for
human health e!ects observed in epidemiological studies. Since there is no single instrument available for the measure-
ment of the particle-size distribution over the full range of the "ne fraction (diameter (2.5 lm) of the atmospheric
aerosol, two instruments, the mobile aerosol spectrometer (MAS) and the electrical aerosol spectrometer (EAS), have
been tested in a side-by-side comparison measuring ambient aerosol for a time period of six weeks in spring 1996 in the
city of Erfurt, Germany. Furthermore, total particle number concentration measured by a condensation particle counter
(CPC) and mass concentrations PM

10
and PM

2.5
were determined. Both spectrometers, MAS and EAS, are based on

electrical mobility measurements for particles (0.1 lm and (0.5 lm, respectively, while MAS applies optical particle
spectrometry and EAS applies again electrical mobility analysis for particles up to 2.5 and 10 lm, respectively. Both
instruments proved to be reliable during this comparison providing data availability of '94%. To compare the spectral
data, particle numbers were integrated within three size ranges: 0.01 } 0.1, 0.1 } 0.5, 0.5 } 2.5 lm. Hourly mean number
concentrations of each size range observed during the six week comparison was: 2.6]104$19500
(2.48]104$1.79]104), 3.1]103$1.5]103 (4.1]103$2.0]103), 50$45 (1.9]102$1.2]102) cm~3 for MAS
(EAS), respectively. Both aerosol spectrometers followed the variations of the ambient aerosol in a similar manner and
yielded almost identical results for particle number concentrations of particles with diameters smaller than 0.5 lm.
Furthermore, the total particle number concentration derived from MAS and EAS measurements (29000$20000;
29000$19000 cm~3) is well comparable with the number concentration derived from an integral counting CPC
(31100$22000 cm~3). The results of this side-by-side comparison suggest that MAS and EAS together with PM

2.5
measurements are suitable to reliably characterize size-distribution parameters of number and mass concentration of
ambient aerosols. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ambient aerosol particles cover a size range from a few
nanometers up to several tens of micrometers in dia-
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meter. Ultra"ne particles with diameters less than 0.1 lm
originate mainly from gas-to-particle conversion or com-
bustion processes. These ultra"ne particles coagulate
rapidly depending on their concentration and thermo-
dynamic conditions forming larger particles attributed to
the accumulation mode which ranges from 0.1 up to
1.0 lm. However, particles in the accumulation mode
are not exclusively formed by coagulation of ultra"ne
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particles but may originate also from diverse anthropo-
genic and natural sources. Particles larger than 1 lm,
de"ned as the coarse mode of the ambient aerosol, orig-
inate mostly from mechanical dispersion processes. Due
to di!erent processes of particle formation the chemical
composition of particles in di!erent size ranges may be
substantially di!erent.

Acute health e!ects associated with ambient par-
ticulate matter have been reported from several epidemio-
logical studies (Dockery and Pope, 1995; Brunnekreef
et al., 1995). The health-related "ndings of these
studies were associated with either the total mass concen-
tration of suspended particles (TSP) or the mass concen-
tration of particles with aerodynamic diameters smaller
than 10 lm (PM

10
) or smaller than 2.5 lm (PM

2.5
).

Recent inhalation studies using laboratory animals
(OberdoK rster et al., 1995a, b) and "rst results from
epidemiological studies (Peters et al., 1997a, b; Pekkanen
et al., 1997) suggest that the inhalation of ultra"ne par-
ticles may cause adverse health e!ects. Since the mass
concentration of these particles is negligible compared to
the mass concentration of larger particles, the ultra"ne
particle mass concentration seems to be an inadequate
parameter. Therefore, it may be more appropriate to
correlate the number concentration or the surface area
concentration of particles in di!erent size ranges with the
observed health e!ects.

The total mass concentration of ambient particulate
matter and the particle number concentration are only
weakly correlated as determined earlier for the ambient
aerosol of Erfurt, Germany (Tuch et al., 1997). Therefore,
the number concentration of ultra"ne particles, cannot
be estimated based on gravimetrical methods. Only par-
ticle-size spectrometers are capable to yield this informa-
tion.

There are no commercially available instruments,
which can measure the particle-size distribution of
ambient aerosols with a su$cient size and time resolu-
tion over the whole size range of "ne particles (d

!%
(

2.5 lm). Instruments used are modi"cations of laborat-
ory-type versions which do not cover the entire size
range. In addition, these instruments are based on di!er-
ent measurement principles. It needs to be noted, that
there is no standard instrument available for measure-
ment of the particle-size distribution of the "ne fraction
of the atmospheric aerosol. Therefore, in the present
study, an approach was undertaken, to compare size-
distribution data obtained from di!erent spectrometric
instruments as well as integral counting and sampling
instruments during continuous side-by-side measure-
ments of ambient aerosols. This instrument intercom-
parison will provide the basic information for further
comparisons of measurements of the size distribution of
ambient aerosols performed at di!erent places in Europe.

Two particle-size spectrometers, the MAS (Brand et
al., 1991; Tuch et al., 1997) and the EAS (Mirme et al.,

1984; Kikas et al., 1996), have been tested in a side-by-
side comparison for a time period of six weeks in spring
1996 in the city of Erfurt, Germany, a city of current
epidemiological investigations (Spix et al., 1993; Cyrys
et al., 1995; Brauer et al., 1995; Peters et al., 1996 Peters
et al., 1997a, b). While the MAS is similar to the instru-
ments used during the Los Angeles air monitoring survey
(Eldering et al., 1994), the EAS represents a new develop-
ment of an aerosol spectrometer based entirely on the
measurement of the electrical mobility of particles in the
whole size range. To compare the spectral data of the two
instruments, three size ranges were chosen for the time
series analysis to distinguish the number concentration
of ultra"ne particle fraction (0.01 lm(d(0.1 lm)
NC

0.01}0.1
from the number concentration of the lower

part of the accumulation fraction (0.1 lm(d(0.5 lm)
NC

0.1}0.5
and from the number concentration of the

lower part of the coarse fraction (0.5 lm(d(2.5 lm)
NC

0.5}2.5
. The total particle number concentration mea-

sured by a condensation particle counter (TSI, CPC
3022A) was determined during this study. In addition,
measurements of mass concentrations PM

10
(Harvard

Impactor) and PM
2.5

(Harvard Impactor) were incorp-
orated to provide compatibility to previous studies of
ambient aerosols based only on those measurements
(USEPA, 1996). While the mass concentration measuring
instruments yielded only daily averages the particle
counting instruments provided time resolutions of 5 min
(MAS) and 10 s (EAS and CPC).

This intercomparison was undertaken to prove that
the two aerosol spectrometers, MAS and EAS, reliably
provide comparable spectral data and number concen-
trations of the ambient aerosol over long time periods.
Furthermore, the derived total number concentrations
are veri"ed by integral counted number concentrations
determined by a CPC. Based on these results, spectral
aerosol data obtained from di!erent locations can be
compared in the future. The ultimate aim of these inter-
comparisons will be the inquiry of time series of compa-
rable ambient aerosol parameters measured with MAS
and EAS at di!erent locations. These data will then be
used to correlate with health e!ects observed by
epidemiological studies in an attempt to speci"cally
associate adverse health e!ects to distinct fractions and
constituents of the ambient air.

2. Methods

For the determination of particle size, properties of
electrical and mechanical mobility, impaction, sedi-
mentation, di!usion and light scattering are commonly
used depending on the size of the particles. Since the
"ne particles range from a few nanometers to 2.5 lm,
di!erent physical measuring principles need to be ap-
plied. To elucidate the similarities and the di!erences of
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the two aerosol spectrometers MAS and EAS, principles
of measurement, calibration and analysis are brie#y
described.

2.1. The mobile aerosol spectrometer (MAS)

The MAS was described earlier (Brand, 1989; Brand et
al., 1991, 1992; Tuch et al., 1997). It consists of two
di!erent, commercially available, instruments covering
di!erent size ranges. Particles in the size range from 0.01
to 0.5 lm are measured using a di!erential mobility ana-
lyzer (DMA, TSI model 3071) combined with a conden-
sation particle counter (CPC, TSI model 3760). This set
will be termed di!erential mobility particle sizer (DMPS)
in the following. Particles in the size range from 0.1 up to
2.5 lm are classi"ed by an optical laser aerosol spectrom-
eter (LAS-X, PMS model LAS-X).

The DMA allows the separation of particle fractions of
uniform electrical mobility from a polydisperse aerosol.
The number of particles selected by the DMA is counted
by the CPC. The raw count rate of the CPC is used to
calculate the particle number concentration in the se-
lected size range taking into account the charging prob-
ability of the particles (Knutson, 1976), di!usional losses
in the DMA (Reineking and Porstendorfer, 1984, 1986)
and the counting e$ciency of the CPC 3760 (Zhang and
Liu, 1991). The number concentrations of the separate
particle fractions are measured as a function of the dia-
meter in 13 discrete size ranges between 0.01 and 0.5 lm
using an adapted inversion algorithm for multiple charge
correction. The four upper channels between 0.1 and
0.5 lm are used for the mobility calibration and for
quality checks of the overlapping spectra obtained from
the DMA and the LAS-X, see below.

The optical laser aerosol spectrometer (LAS-X) clas-
si"es particles according to their light scattered into 45
size-dependent channels. The intensity of light scattered
by a particle depends on the particle diameter, shape and
optical properties such as the refractive index of the
particle material (Hinds and Kraske, 1986; Szymanski
and Lui, 1986; Kim, 1995; Reisert et al., 1991). The
counting e$ciency of the LAS-X is 1 for particles in a size
range of 0.1 } 1 lm and decreases only slightly to 0.95 for
2.5 lm particles (Hinds and Kraske, 1986; Brand, 1989;
Gebhart et al., 1989).

Aerosol sampling: Both, DMPS and LAS-X, are located
in a van. With an air #ow velocity of 1 m/s, a sample #ow
is drawn through a chimney of a diameter of 22 cm and a
height of 4 m above the ground into the van. Each instru-
ment samples isokinetically from this main sample stream
(Tuch et al., 1997). The aerosol #ow rates of the DMA and
LAS-X are 610 and 60 cm~3 min~1, respectively.

Electrical mobility calibration of the LAS-X data: To
classify ambient aerosol particles of unknown refractive
indices by the LAS-X, a calibration procedure is applied
in the MAS, which uses the DMA to provide mono-

disperse fractions of the ambient aerosol in the size range
from 0.1 to 0.5 lm (Liu et al., 1974; Brand et al., 1991,
1992). These particle fractions are then used to calibrate
the LAS-X in terms of mobility equivalent diameters
(electrical mobility calibration).

Data acquisition and performance: Control of the
measurements, data acquisition and evaluation are per-
formed by a personal computer. A complete particle-size
distribution is obtained every 5}6 min.

Analysis of aerosol concentration parameters: MAS
yields a di!erential particle number distribution. From
this the integral number concentrations of particles of the
total distribution and integral particle number concen-
trations of selected size ranges are calculated. In this
study hourly averages of total particle number concen-
trations (NC

0.01}2.5
) and of particle number concentra-

tions in size ranges 0.01}0.1 lm (NC
0.01}0.1

), 0.1}0.5 lm
(NC

0.1}0.5
), and 0.5}2.5 lm (NC

0.5}2.5
) were used to

characterize the ambient aerosol. An hourly average was
considered valid if 66% of the data were available. Addi-
tionally, the di!erential volume distribution of particles
was calculated from the particle number distribution
presuming spherical particles. To estimate the mass dis-
tribution the particle density is required. Therefore, the
PM

2.5
data from the time period of the intercomparison

and the corresponding daily average of volume distribu-
tions measured by the MAS, were used to calculate the
apparent mean density of ambient particles. In addition,
approximately 700 gravimetrical PM

2.5
measurements

and according MAS determinations, obtained during
a long-term study in Erfurt, were also used to calculate
the mean particle density of the ambient aerosol (Tuch et
al., 1998). Using the obtained apparent mean density,
integral mass concentrations of all counted particles
(MC

0.01}2.5
) and of the subclasses MC

0.01}0.1
, MC

0.1}0.5
and MC

0.5}2.5
were calculated from the di!erential mass

distributions.

2.2. The electrical aerosol spectrometer

The Electrical Aerosol Spectrometer (EAS), based on
a theoretical model by Tammet (Tammet, 1975, 1992),
was developed at the University of Tartu (Estonia). As
described earlier (Kikas et al., 1996) the EAS was parti-
cularly designed to measure particle-size distributions of
ambient aerosol in urban and rural environments. The
EAS measures the particle sizes in the range from 10 nm
to 10 lm using two analyzers in parallel both being based
on the measurement of electrical particle mobility. EAS
utilizes unipolar di!usion charging in the size range of
0.01}0.5 lm in one analyzer and strong electrical "eld
charging in the size range from 0.3 to 10 lm in the other
analyzer, each made up of a series of eight electrometers
per size decade determining the charge of particles of
equal electrical mobility. In this study the EAS provides
four size intervals per size decade based on weighted
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Table 1
Meteorological and pollutant parameters during study period

Parameter Unit N Mean S.D. Minimum Maximum

PM
10

lg m~3 40 72.1 32.2 17.8 153.5
PM

2.5
lg m~3 37 55.1 26.1 10.4 111.1

Number concentration CPC cm~3 837 31149 21993 4425 170401
NO concentration lg m~3 912 117.5 59.7 27.8 682.5
NO

2
concentration lg m~3 912 163.4 59.6 34.7 651.2

SO
2

concentration lg m~3 746 28.3 32.4 2.9 222.9
Temperature 3C 912 2.85 4.62 !6.3 19.5
Relative humidity % rH 888 80.2 15.7 26.4 100
Windspeed m/s 912 0.8 0.5 0 2.9

Note: Basic statistics of daily averages of PM
10

, PM
2.5

and CPC aerosol parameters and hourly averages of gaseous pollutants and
meteorological parameters. N is the number of available data.

means of neighboring electrometers (Mirme, 1994). Be-
cause of the spatial separation of the aerosol particles by
the serial electrometers, all charges of all particles pro-
vide the entire distribution at the same time. That enables
short measuring times avoiding possible errors due to
fast variations in the particle distribution. Furthermore,
particles of high electric mobility travel a short distance
to one of the "rst of the series of electrometers which
results in a smaller di!usion path length as compared to
that of the DMPS of the MAS in which each particle
trajects to the same sampling slit.

Aerosol sampling: During the side-by-side comparison
the EAS was attached to a sample inlet similar to the inlet
of the MAS. The sampling air velocity in the chimney
was determined by the EAS sample #ow of 800 cm3 s~1.
EAS was operated at ambient temperature in a small hut
outside the measurement van.

Calibration: A su$cient mathematical modeling of the
EAS is rather di$cult because of the complex nature of
charging and the parallel use of both di!usion and "eld
charging. The calibration used in this study was achieved
combining theoretical modeling with the experimental
approach using sodium chloride and silver iodide aero-
sols (Kikas et al., 1985). The charge distribution of the
particles has been estimated using four statistical mo-
ments with a detailed modeling of the ion density in the
chargers (Mirme, 1994).

Analysis of aerosol concentration parameters: From the
particle-size distribution, integral particle number and vol-
ume concentration are calculated similar to MAS. The
mean particle density was calculated from the PM

2.5
data

and from the corresponding daily average of volume dis-
tributions measured by the EAS during intercomparison.

2.3. Statistical analysis

When comparing the characteristics of ambient aero-
sol, medians and interquartile ranges provide statistically

more reliable estimates than mean values because the
distribution of concentration pro"les of the ambient
aerosol over time tends to be not normally distributed.
Therefore, non-parametric Spearman rank order correla-
tion for statistical estimates was used which is less sensi-
tive to the shape of the distribution.

2.4. Additional instrumentation

Hourly averages of the total particle number concen-
tration were measured using a condensation particle
counter (CPC, TSI model 3022A). Twenty-four-hour
samples of PM

10
and PM

2.5
where taken with Harvard

Impactors (MS & T Air Sampler). Concentrations of
NO and NO

2
were determined using a two channel

chemiluminiscence monitor (Environnement S.A, model
NH30M), the concentration of SO

2
was determined us-

ing a UV-absorption type monitor (Environnement S.A.,
model AF21M). Temperature and relative sensors hu-
midity (RCI, model FT3205-M) were mounted in the
chimney outside the vehicle. Wind speed and wind direc-
tion (Albin Sprenger, model E 14051.61 H) were deter-
mined 4.5 m above the ground. Note that gas pollutants
and meteorological data are not used in this study but
provide additional information on the environmental
situation in Erfurt during this intercomparison used in
other studies.

2.5. Site of measurement

The measurements where performed in the city of
Erfurt, Germany. The city is surrounded by mountains
from three sides. In addition, the air exchange is hindered
by buildings located at the fourth side. Therefore, tem-
perature inversions during winter time can cause elevated
levels of ambient pollutants in this city. During the
measuring period domestic heating was still based to
a small extent on the use of surface coal with high sulfur
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contents. However, both local power stations and most
domestic heating systems have been rebuilt using gas and
oil fuels after the re-uni"cation of Germany. As a result
the present pollutant mixture (Table 1) is close to that of
western European cities without major industrial sources
of air pollution. The measuring site is located in a dwell-
ing area at a distance of 2 km from the center of the city.
It is located approximately 50 m east of a major road.
The air pollutant mixture at this location is primarily
in#uenced by tra$c emissions and domestic heating,
thus, representing a typical air pollution situation in this
city.

3. Results

Side-by-side measurements where performed for a time
period of 40 days during spring 1996 (March 7th through
April 16th). Fig. 1 shows the daily mean number density
distribution of the ambient air at day 19 during the
intercomparison. This distribution was calculated from
approximately 250 individual particle-size distributions
from each instrument.

Performance of instrumentation: The electrical mobility
calibration of MAS was performed weekly. The ability of
the instruments to continuously measure ambient aero-
sol can be estimated from the amount of valid measure-
ment data. From total time of 975 h only 38 h are missing
for MAS and 50 for EAS. Most of the breaks were due to
standard calibration procedures and computer failures.
CPC data are missing during 187 h. Daily average PM

10
measurements are available for the whole time periods
whereas 3 days of PM

2.5
are missing.

Total particle number concentration: Both Spearman
rank correlation coe$cients between MAS and CPC and

Fig. 1. Daily mean number density distribution of the ambient
air at day 19 during the intercomparison calculated from MAS
and EAS 5 minute size distributions.

Table 2
Correlation of particle number concentrations measured by
MAS, EAS and CPC

Size range: Instrument MAS EAS CPC

0.01}2.5 lm MAS 1 0.96 0.97
EAS 1 0.98
CPC 1

0.01}0.1 lm MAS 1 0.95 0.96
EAS 1 0.98
CPC! 1

0.1}0.5 lm MAS 1 0.94 0.56
EAS 1 0.62
CPC! 1

0.5}2.5 lm MAS 1 0.86 0.27
EAS 1 0.35
CPC! 1

Note: Spearman rank correlation coe$cients of total particle
number concentrations and number concentrations in the size
ranges 0.01}0.1, 0.1}0.5 and 0.5}2.5 lm.

!total number concentration as determined by CPC.

Fig. 2. Time series of hourly average particle number concentra-
tions in the size range 0.01}0.1 lm derived from MAS and EAS
measurements.

between EAS and CPC are as high as 0.95 (Table 2)
indicating that both aerosol spectrometers reliably
measure the total particle number concentration of an
ambient aerosol.

Particle number concentrations in diwerent size ranges:
The time series plot of hourly average particle number
concentrations NC

0.01}0.1
of ultra"ne particles in the size

range from 0.01 to 0.1 lm (Fig. 2) shows that both instru-
ments followed the concentration variations quite well.
EAS and MAS yielded almost identical particle number
concentrations in this size range. The Spearman rank
correlation coe$cient between measurements of both
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Table 3
Particle number concentration in di!erent size ranges

NC
0.01}0.1

[cm~3] NC
0.1}0.5

[cm~3] NC
0.5}2.5

[cm~3] NC
0.01}2.5

[cm~3]

MAS (N"938) Mean 26000 3100 50 29000
Median 24000 2900 30 24000
S.D. 19000 1500 50 20000
25% Perc. 11000 1900 10 14000
75% Perc. 36000 4000 80 39000

EAS (N"926) Mean 25000 4100 190 29000
Median 21000 3900 180 25000
S.D. 18000 2000 120 19000
25% Perc. 10000 2600 80 14000
75% Perc. 34000 5400 280 39000

CPC (N"798) Mean * * * 31000
Median 26000
S.D. 22000
25% Perc. 14000
75% Perc. 43000

Note: Statistical parameters of the particle number concentration measured by MAS, EAS in di!erent size ranges and integral particle
number concentration measured by CPC.

Fig. 3. Time series of hourly average particle number concentra-
tions in the size range 0.1 } 0.5 lm derived from spectrometer
measurements.

instruments is 0.95 (Table 2) suggesting that the results of
both measurements are well comparable. Eighty to
ninety percent of the total particle counts were observed
in this size range (Table 3).

An almost equally good agreement is observed for
particle number concentrations NC

0.1}0.5
in the size

range from 0.1 to 0.5 lm (Fig. 3). The Spearman rank
correlation coe$cient of measurements of both instru-
ments in this size range is 0.94 (Table 2). The EAS-
derived particle number concentrations tends to be
slightly higher than MAS derived number concentra-

Fig. 4. Time series of particle number concentrations in the size
range 0.5 } 2.5 lm measured by MAS and EAS.

tions, but the mean data given in Table 3 are not sta-
tistically signi"cant di!erent (p'0.05). In this size
range about 10% of the counted particles were found
(Table 3).

The largest discrepancy between EAS and MAS was
found for larger particles in the size range from 0.5 to
2.5 lm (Fig. 4). However, the total number concentration
NC

0.5}2.5
in this size range is small and contributes to

less than 1% of the counted particles. The di!erences in
the time series data of both instruments seem however
not to be random. The ratio of EAS/MAS derived num-
ber concentrations varies between 1.8 and 15 yielding an
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Table 4
Particle mass concentration parameters

MC
0.01}0.1

(lg m~3) MC
0.1}0.5

(lg m~3) MC
0.5}2.5

(lg m~3) MC
0.01}2.5

(lg m~3)

MAS (N"938)Density:
1530 kg m~3

Mean 0.9 36 12 49

Median 0.8 36 7 47
S.D. 0.6 18 12 27
25% Perc. 0.5 20 31 25
75% Perc. 1.2 49 9 69

EAS (N"926)
Density: 1500 kg m~3 Mean 1.8 36

Median 1.6 36
S.D. 1.1 18
25% Perc. 1.0 22
75% Perc. 2.3 46

PM
2.5

(N"40)
(daily averages) Mean * * * 55

Median 58
S.D. 26
25% Perc. 31
75% Perc. 74

Note: Hourly mean particle mass concentration parameters and daily average PM
2.5

.

Fig. 5. Daily mean volume density distributions of the ambient
aerosol at day 19 during the intercomparison as obtained from
MAS and EAS.

Spearman rank correlation coe$cient for the side by side
comparison of 0.86 (Table 2).

Apparent mean density of ambient particles: Mean vol-
ume density distributions during day 19 of the intercom-
parison are shown in Fig. 5. While the ultra"ne particle
fraction attributes negligibly to the total volume concen-
tration derived by both MAS and EAS, the volume
fraction of the 0.1}0.5 lm particles adds 73% to the
volume concentration derived from MAS data but only
22% derived from EAS data. Hence, the volume concen-

tration of EAS is mainly determined by the coarse frac-
tion of the particles (76%) but only to a much lesser
extent (26%) by MAS data. As a result, the mean particle
density derived from corresponding daily averaged par-
ticle volume distributions of MAS and PM

2.5
data was

1690$240 kg m~3. This value agrees reasonably well to
a calculated mean density of 1530$310 kg m~3 based
on measurements of PM

2.5
and MAS during 700 days.

The mean particle density derived from corresponding
EAS and PM2.5 data was 550$150 kg m~3. The de-
rived particle volume concentrations of each spectrom-
eter are highly correlated with the PM

2.5
measurements

(correlation coe$cient: 0.97 (MAS), 0.86 (EAS)). Basic
statistic parameters of hourly average particle mass con-
centration parameters and daily average PM

2.5
are sum-

marized in Table 4.

4. Discussion

Performance of the spectrometers: The EAS and MAS
were successfully deployed in a six week measuring cam-
paign without signi"cant losses of data acquisition time.
They reliably recorded spectral number distributions at
cycle times of either 1 or 6 min, respectively. It needs to
be noted that intensive maintenance is necessary to oper-
ate the MAS for long time periods whereas EAS needs
almost no maintenance. On the other hand, MAS is
measuring continuously since September 1995 with
a data availability of 95%.
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Intercomparison of ambient aerosol number concentra-
tion: From the spectral data, hourly means of number
concentrations were evaluated for the total size range
and for selected sub-ranges. Note that the size ranges
chosen in this paper can be changed such that num-
ber concentrations of other aerosol classes can be re-
analyzed.

Both aerosol spectrometers followed the variations of
the ambient aerosol in a similar manner and yielded
almost identical results for particle number concentra-
tions of particles with diameters smaller than 0.5 lm.
This is re#ected in the very high correlation of the total
number concentration NC

0.01}2.5
and the number con-

centrations NC
0.01}0.1

and NC
0.1}0.5

for the size ranges
0.01}0.1 and 0.1}0.5 lm as determined by MAS and EAS
(Table 3). In addition, the high correlation (correlation
coe$cients MAS: 0.97; EAS: 0.98) between NC

0.01}2.5
of

the two spectrometers and the integral counting CPC
provides evidence that the total number concentration
NC

0.01}2.5
is truly recorded by both spectrometers dur-

ing the entire intercomparison.
The size range 0.01}0.5 lm contains about 99% of the

total particles observed in the ambient air of Erfurt.
A major di!erence between both instruments was found
for the size range 0.5}2.5 lm in which MAS and EAS
apply di!erent measurement principles (optical light
scattering versus electrical mobility). The particle num-
ber concentration derived from EAS measurements is in
average 3.7 times higher than the MAS derived particle
number concentration. The time series of these data
suggests, that the di!erence between both instruments is
not random. However, particles in this size range con-
tribute to only 0.5% to the total particle number con-
centration. The true particle number concentration of
ambient aerosol particles with diameters between 0.5 and
2.5 lm is not known. A few reasons are known which
may play a role for the observed di!erences in this size
range:

1. The observed di!erence of both instruments may be
due to the cutpoint of 0.5 lm between NC

0.1}0.5
and

NC
0.5}2.5

which is located on the steep slope of the
accumulation mode of the aerosol. A small shift of the
cutpoint towards larger particles will therefore yield
a signi"cant decrease of the number concentration
allocated to the size range NC

0.5}2.5
, whereas a shift

towards smaller particles will be obscured by the rela-
tively large number concentration in the size range
0.1}0.5 lm.

2. The counting e$ciency of the LAS-X is very close to
1 in the size range between 0.3 and 1 lm. However, the
chosen cutpoint of 0.5 lm between the accumulation
mode and the coarse mode is located in the #at part of
the calibration curve of the LAS-X between 0.4 and
0.8 lm which may lead to mis-classi"cation of par-
ticles in this size range by the LAS-X, particularly for

ambient aerosol particles of a refractive index di!erent
of that of polystyrene latex particles (Hering and
McMurry, 1991).

3. The cutpoint is located in overlap between di!usion
charging to "eld charging of the EAS. This overlap
between 0.3 and 0.5 lm is taken into account by data
inversion routines. However, these routines judge the
noise of the electrometers to decide how the signal of
the individual channels are weighted for the calcu-
lation of the size distribution. This may result in a dif-
ferent weighing of the channels in the overlap range
under di!erent working conditions of the instrument.

4. Furthermore, "eld charging of particles larger than
0.3 m depends on dielectric and surface properties of
the particles (Willeke and Baron, 1993). Charging pat-
tern of the aerosol particles used for calibration may
be di!erent from those of the ambient air.

5. Since MAS measures the particle-size distribution at
approximately 30% relative humidity and EAS
measures at the humidity of the ambient air, particles
in the size range of 0.5 lm may contain a certain
amount of water on the surface resulting in particle
growth at elevated relative humidities such that the
grown particles are classi"ed by EAS in the size range
NC

0.5}2.5
while MAS classi"es dried particles in the

size range NC
0.1}0.5

. However, such a shift towards
larger particle number concentrations of NC

0.5}2.5
of

EAS was not observed during periods of high relative
humidity.

Intercomparison of particle mass concentration: Both,
the apparent average densities of the aerosol particles of
1690$240 and 1530$310 kg m~3 calculated from
PM

2.5
data and corresponding MAS volume distribu-

tions measured during this intercomparison and during
21 months agree well with 1500 kg m~3 given in the
literature (Joshi, 1988). These results are further sup-
ported from extensive measurements of the bulk density
of ambient aerosol particles collected at di!erent loca-
tions in Germany under di!erent meteorological condi-
tions (HaK nel and Thudium, 1977) which vary around
2000 kg m~3. Bulk material densities usually are higher
than the apparent density of aerosol particles which may
be porous and/or aggregated. For instance, the bulk
density of NaCl of 2170 kg m~3 was about 15% higher
than the apparent density 1900 kg m~3 of monodisperse
NaCl aerosol particles as determined from geometric and
aerodynamic size measurements (Anselm, 1985; Gebhart,
private communications). The mean particle density of
550$150 kg m~3 derived from the data of EAS and
PM

2.5
is very low. As mentioned above the calculated

density is mainly determined by the volume fraction of
the coarse particles of EAS data. If the number concen-
tration of this particle fraction is too high, the density
decreases drastically. From the agreement of the density
calculated from MAS and PM

2.5
data and the literature
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Fig. 6. Time series of daily average MAS derived particle mass
concentrations in the size range 0.01}2.5 lm measured by MAS
and PM

2.5
.

data it is plausible to conclude that the number concen-
tration of the coarse particle fraction determined by the
MAS is reasonably correct. Therefore, MAS measure-
ments can auxiliary be used to estimate mass concentra-
tions of "ne particles of the ambient aerosol.

Presuming the mean density also applies for particle
densities of the various size fractions, MAS provides also
mass concentrations for these size fractions. The good
agreement of MAS derived daily mean MC

0.01}2.5
and

PM
2.5

is shown in the time series graph (Fig. 6). Based on
this assumption and since the number concentrations
NC

0.01}0.1
and NC

0.1}0.5
agreed very well between EAS

and MAS, EAS data may also be used to estimate mass
concentration data up to 0.5 lm using the literature
value of the density of 1500 kg m~3.

Note, however, that both aerosol spectrometers, EAS
and MAS, were primarily introduced to determine the
number distribution of ambient aerosols as a function of
the particle diameter and to calculate number concentra-
tions for selected particle size ranges. It was not anticip-
ated to determine precise particle mass concentrations by
these instruments which is principally only possible if the
shape and the density of the aerosol particles is known.
The latter particle parameters, however, are not known
for the entity of ambient aerosol particles and many of its
constituent particle classes and fractions. Therefore, it is
emphasized that those measurements need to be con-
"rmed by additional measurements using appropriate
instruments such as PM

2.5
impactors, etc. Besides the

identi"ed discrepancy found for the coarse particle frac-
tion, the overall agreement of both instruments EAS and
MAS for more than 99% of the counted particles of the
ambient air of Erfurt is appreciably good.

It needs to be mentioned that control of both MAS
and EAS needs experienced personal well accustomed

with the instruments. While there is little maintenance
required for the EAS, MAS requires more attention by
trained sta!.

Motivation for the intercomparison: This intercom-
parison proved that data obtained from MAS and EAS
are well comparable during side-by-side measurements.
Therefore, it is concluded that MAS and EAS data ob-
tained at di!erent locations will also be comparable.
These data then may be used in comparative epi-
demiological studies relating health e!ects to the number
concentrations of "ne particles and those of various size
fractions. These "ndings suggest that epidemiological
studies correlating health e!ects with ambient air moni-
toring may not only use mass concentration parameters
as determined by PM

10
or PM

2.5
impactors in the past

but, in addition, may use parameters of the particle
number concentration determined by aerosol spectrom-
eters like EAS and MAS.

5. Conclusions

Both MAS and EAS have proven to be reliable in-
struments for long-term studies on the particle-size
distribution of ambient aerosols. Both instruments re-
quire adequate calibration and maintenance for this pur-
pose. The instruments yield comparable results of the
number concentration of "ne particles. To obtain data on
particle mass concentrations, adequate instruments, such
as PM

2.5
, should be collocated during epidemiological

studies. The results of this side-by-side comparison sug-
gest that MAS and EAS in combination with measure-
ments of PM

2.5
are suitable to reliably characterize the

size distribution of ambient aerosols. The availability of
two comparable spectrometers allows comparative epi-
demiological studies in di!erent cities on the e!ect of
ambient aerosols on human health. The detailed charac-
terization of the aerosol in such studies using a new set of
parameters } particle number concentrations } may help
to increase the understanding which size fraction of the
ambient aerosol is relevant for observed health e!ects
associated with the exposure to the ambient aerosol.
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